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Introduction
Gastric cancer ranks the second leading cause of cancer death worldwide [1] , and more than 679100 new cases occurred each year in China [2] . Despite the advances in therapeutic options such as surgery, radiotherapy and chemotherapy, the gastric cancer patients still suffer the pain on poor survival, less than 30% agestandardized 5-year survival rate in most countries [3] .
Chemotherapy has been widely used to shrink tumor size, repress tumor growth or metastasis, and improve survival and quality of life in patients with carcinoma. Combinations of chemotherapeutic agents effectively improves survival in gastric cancer [4] . For instance, doxorubicin (DOX), a widely used anthracycline chemotherapy agents in cancer treatments past decades, could bind to topoisomerase-2 (Top2) and DNA to form the ternary top2-doxorubicin-DNA cleavage complex, causing tumor cell death [5] . Cisplatin (DDP) is recommended as first line chemotherapy agent in gastric carcinoma [6] , can interfere with DNA replication and induce apoptosis of tumor cells. Although plenty of chemotherapeutic agents were used in cancer treatment, majority of these patients eventually experience tumor recurrence due to drug resistance. The median survival duration is lower than 16 months in metastatic and recurrent gastric cancer patients [7] . The failure of chemotherapy makes urgent that understanding the exact molecular mechanism of chemoresistance and finding new drugs for anticancer treatment.
Fas-associated protein with death domain (FADD) is an adaptor that participates in extrinsic pathway of apoptosis induced by tumor necrosis factor (TNF) receptor superfamily. Death receptors activation induce the FADD recruitment, forming the death-inducing signaling complex (DISC) and caspase-8 cleavage, activating apoptotic executioner caspase-3, eventually leading to cell death [8] . Extensive researches have shown that FADD protein expression decreased in malignant tumors [9] . Yoo et al. have reported the loss of FADD protein in gastric cancer and it was in connection with the stage of gastric cancer [10] . Furthermore, loss of FADD expression might contributed to chemotherapy resistance in cancer cells [11, 12] . However, the exact molecular mechanism of FADD expression deficiency in chemotherapy-sensitivity remains to characterized.
MicroRNAs are endogenous 18-22 nt small RNA, which dysregulation has been implicated in a variety of diseases, including malignant tumors. Accumulated evidences lighten that miRNAs serve as oncogenes or tumor suppressors in tumor proliferation, metastasis, invasion and drug resistance. It has previously been observed that miR-633 was differentially expressed in cerebro-spinal fluid between primary progressive multiple sclerosis patients and relapsing-remitting multiple sclerosis patients [13] . Abnormal miR-633 expression in childhood acute lymphoblastic leukemia (ALL) is associated with prednisone response and early relapse [14] . To date, few studies have investigated the association between abnormal miR-633 expression and drug chemoresistance in gastric cancer.
The forkhead box O 3 (Foxo3a) is a member of Foxo transcription factor family, a key player in downstream of insulin growth factor receptors. Served as a tumor suppressor in malignant tumors, Foxo3a is involved in tumor cell proliferation, metabolism, cell cycle and apoptosis processes [15, 16] . Phosphorylated by AKT and interacted with 14-3-3, Foxo3a underwent degradation and nuclear exclusion, resulting in repression of its transcriptional activity. Previous study showed that transcriptional activity regulation of Foxo3a have a profound influence on the tumor suppression [17] , and was associated with respondence to chemotherapy drugs [18] .
In this article, we have demonstrated that miR-633 plays a critical role in mediating gastric carcinoma chemoresistance. In response to chemotherapy, Foxo3a, as a transcription factor which relocated in nuclear, suppressed miR-633 transcriptional activity increasing the expression of the target gene FADD, leading to the activation of the apoptotic pathway. Moreover, our results identified for the first time, to our best knowledge, that miR-633 directly target to FADD and might be potential effective chemoresistance reversal agent.
Results

FADD loss is associated with high expression of miR-633 in gastric carcinoma
FADD loss in malignant tumors has been reported in several researches [12, 19, 20] , including in gastric carcinoma [10] . To identify the molecular mechanism underlying the abnormal FADD expression, we analyzed its potential targets by the bioinformatic program TargetScan. We found that miRNAs were aberrantly expressed in cancer tissues, compared with those in noncancerous tissues. Furtherly, most robustly upregulated miRNAs were verified by qRT-PCR. Among them, miR-633 was significantly upregulated in both GC tissues and cell lines. According to previous reports, no detailed mechanism has been reported about this miR-633, therefore we chose miR-633 for further research. We found human FADD mRNA 3ʹ-untranslated regions (UTRs) contained one binding sites for miR-633 ( Figure 1(a) ). To determine whether FADD affects gastric tumorigenesis, we first evaluated the FADD protein expression levels in human gastric cancer tissues and matched adjacent noncancerous tissues. Three representative results exhibited that low expression of FADD was more likely detectable in gastric cancer tissues compared to the matched adjacent tissues (Figure 1(b) ). Then we measured FADD protein levels in gastric cancer cell lines SGC-7901, BGC-823, MGC-803, NCl-N87 and AGS compared with gastric epithelium cell line GES-1. Endogenous levels of FADD were lower in gastric cancer cells than in GES-1 (Figure 1(c) ). Immunohistochemical staining showed FADD loss in gastric cancer tissue, further confirmed this potential clinical relevance ( Figure 1(d) ).
To verify the potential role of miR-633 in gastric carcinoma, we examined miR-633 expression in 26 pairs of gastric carcinoma and matched normal tissue (Figure 1(e) ). The characteristics of the patients were detailed in Supplementary table 1. In corresponded with previous reports [13, 21] , miR-633 was upregulated in malignant tissue compared with normal tissues. The endogenous levels of miR-633 in gastric cancer cells were relatively higher than in GES-1 cells (Figure 1(f) ). The results suggested that miR-633 might play an important role in gastric cancer. The inverse correlation between miR-633 and FADD was confirmed by qRT-PCR analyses of 15 pairs of gastric cancer tissue samples (r = 0.5327, p = 0.0024) (Figure 1(g) ). Our data indicate that miR-633 is pathologically and clinically associated with FADD protein expression in gastric carcinoma.
FADD participates in chemotherapy drugs induced apoptosis in gastric tumor cells
We wondered whether abnormal FADD expression was involved in chemotherapy drugs induced apoptosis in gastric cancer. Western blot results showed that SGC-7901 cells ( Figure 2 (a,b)) and AGS cells (Supplementary Figure S1A , B) exposed to the doxorubicin (2 μM) or cisplatin (30 μM) elevated the expression of FADD, but qRT-PCR results showed that the mRNA expression of FADD remained at the same levels. To determine the role of FADD in gastric cancer, we inhibited FADD expression by transfected FADD siRNA (si-FADD), siRNA control (FADD-sc) as control. Western blot and qRT-PCR were used to confirm that FADD expression can be effectively reduced (Figure 2(c) ). Next, we performed apoptotic functional TUNEL assays in SGC-7901 cells. The results showed that inhibition of FADD significantly down-regulated chemotherapy drugs induced apoptosis both in 2 μM DOX ( Figure 2 Figure S2C ). These data remind us that and FADD might be involved in chemotherapy drugs induced apoptosis.
miR-633 suppresses apoptosis and induced chemoresistance in gastric cancer cells
We hypothesized that dysregulated miR-633 was involved in the development of gastric cancer chemoresistance. To test this hypothesis, we exposed SGC-7901 cells and AGS cells to the doxorubicin (2 μM) or cisplatin (30 μM), and qRT-PCR to assess the expression levels of miR-633 ( Figure 3 (a), Supplementary Figure S2A , B). The reduction of miR-633 expression induced by doxorubicin or cisplatin suggested that miR-633 might cause apoptosis pathway suppression. In line with this, we synthesized the specific inhibition of miR-633, miR-633 antagomir (Anta-633), antagomir control (Anta-NC) as control. The results confirmed that miR-633 inhibition effectively repressed the miR-633 expression in SGC-7901 cells (Figure 3 (b)) and in AGS cells (Supplementary Figure S2C) . To examine the possible apoptotic function of miR-633, we performed apoptotic functional TUNEL assays in SGC-7901 cells (Figure 3 (c)) and AGS cells (Supplementary Figure S2D ). Inhibition of miR-633 alone had slight effect on apoptotic rate. These results suggested that suppression of miR-633 expression could not raise the apoptosis in gastric cancer cells. To further characterize the function of endogenous miR-633, we produced a construct encoding miR-633 to enforce the expression of miR-633 (Supplementary Figure S2E ). Next we transfected with miR-633 mimics or mimic control (NC) into SGC-7901 cells treated with 2 μM doxorubicin for 24 h. TUNEL assay showed doxorubicin-induced apoptosis was attenuated by overexpression of miR-633 in SGC-7901 cells ( Figure 3 Figure S2H ). Furthermore, we attempted to investigate the influence of miR-633 on cell susceptibility to chemotherapy. Transfected with miR-633 antagomir into SGC-7901 cells (Figure 2 (h-j)) or AGS cells (Supplementary Figure S1I ), a limited amount of cells undergoing apoptosis was observed after low-dose doxorubicin (0.2 μM) treatment for 24 h. The data suggested that in response to the same low-dose doxorubicin, inhibition of miR-633 significantly increased the apoptotic cells. The data strongly suggest that miR-633 contributed to chemoresistance in gastric cancer by suppressing the apoptotic pathway.
miR-633 regulates chemotherapy resistance through FADD in gastric tumor cells
MiRNAs are reported to negatively regulate gene expression [22, 23] . Considering the target gene predictions (Figure 1(a) ), we investigated whether inhibition of miR-633 promoted the expression of FADD. Validated by qRT-PCR and western blot, the inhibitory effect of miR-633 significantly elevated the FADD protein expression levels but not the mRNA expression levels both in SGC-7901 cells and AGS cells (Figure 4 (a) and Supplementary Figure S3A ). Different doses of miR-633 and Anta-633 were used to transfect SGC-7901 with or without DOX treatment, with the purpose of effectively affecting FADD expressions (Supplementary Figure  S3B , C). The results suggested that 100 nM miR-633 were efficient to reverse DOX-induced increase of FADD expression; meanwhile, 100 nM Anta-633 made a difference in FADD expression decrease. To identify whether FADD participate the miR-633 mediated drug sensitivity, we overexpressed the miR-633 in SGC-7901 cells and treated them with high dilution of DOX/DDP, and then analyzed FADD expression ( Figure 4 (b) and Supplementary Figure S3D ). Western blot results showed that miR-633 overexpression reversed the promoting effect of FADD expression. In contrast, administration of miR-633 antagomir improved the elevation of FADD protein levels upon low dilution of doxorubicin ( Figure 4 (c)) or cisplatin (Supplementary Figure  S3E ) treatment. The data suggested that miR-633 might modulate FADD expression at the post-transcriptional level. To determine the role of FADD in the miR-633 pathway, we also performed functional rescue studies by modulating FADD expression levels and functions. We found that inhibition of FADD expression reversed miR-633 antagomir induced cell death (Figure 4(d) ). Based on the results above, it seems that miR-633 modulates FADD expression at the post transcriptional level. Wherefore, we cloned FADD 3ʹ-UTR containing one miR-633 binding sites downstream of the luciferase reporter gene (FADD 3ʹ-UTR-Wt) to testify whether miR-633 directly targets to FADD, mutated luciferase constructs (FADD 3ʹ-UTR-Mut) was used as control (Supplementary Figure S3F ). After transfected synthesized miR-633 mimics or miRNA mimic control into HEK-293 cells (Figure 4 (e)), the luciferase reporter assays demonstrated that miR-633 repressed the luciferase activity in cells simultaneously transfected with wild-type FADD reporter plasmids, but not with the mutant ones. Furthermore, biotinylated miR-633 (Bio-633), miR-633 mutant (Bio-633mut), or RNA control (Bionc) was separately transfected into SGC-7901 cells for FADD 3ʹ-UTR pull-down assays. As shown in Figure 4 (f), FADD 3ʹ-UTR could only be enriched significantly in cells transfected by Bio-633. These results indicate that miR-633 could directly bind to FADD 3ʹ-UTR and plays a negative regulatory role for FADD expression. Thus, our data suggest that FADD is a direct target of miR-633, besides miR-633 regulates chemotherapy resistance through FADD in gastric tumor cells.
miR-633 is a transcriptional target of Foxo3a
The aberrant miRNAs expression regulated by transcription factors occurred via primary transcription regulation mechanism [24, 25] , and is associated with tumorigenesis [26, 27] . To understand the regulatory mechanism involved in miR-633 induced chemoresistance, we analyzed the promoter region of miR-633. Two putative biding sites for Foxo3a were identified, located at 1259 and 905 nt upstream from the transcription starting site ( Figure 5(a) ). The chromatin immunoprecipitation (CHIP) analysis was performed to identify whether Foxo3a participated in the regulation of miR-633 expression. The results showed that Foxo3a directly bounded to the binding site 1 (BS1) region but not the binding site 2 (BS2) region in SGC-7901 cells treated with DOX or DDP ( Figure 5(b) ). Next, we analyzed whether Foxo3a was involved in doxorubicin induced apoptotic program. As a transcriptional factor, Foxo3a was activated by AKT phosphorylation and translocated from nuclear to cytoplasm [28] . In line with this, we analyzed the subcellular distributions of Foxo3a after 2 μM doxorubicin for 24 h. Western blot results showed that total Foxo3a increased in nuclear meanwhile Foxo3a reduced in cytoplasm ( Figure 5(c) ). The phosphorylated Foxo3a in cytoplasm display a time-dependent decrease, which is in agreement with our previous study [29] . The immunofluorescence of SGC-7901 cells revealed that Foxo3a mainly located in cytoplasm without drug treatment, while after DOX treatment, a large proportion of Foxo3a relocated in nuclear. These results suggested that doxorubicin mediated nuclear relocalization of Foxo3a ( Figure 5(d) ). The foregoing data led us to consider whether Foxo3a participated in the regulation of miR-633 expression. We next made the assumption that Foxo3a transcriptional repressed miR-633 expression. MiR-633 promotor upstream region was cloned to luciferase reporter gene which contained transcriptional factor Foxo3a binding site 1 (BS1) and binding site 2 (BS2) as previous depicted ( Figure 5(a) ). Overexpression of Foxo3a induced a significant repression of miR-633 promoter luciferase activity after transfected with Foxo3a wild type promoter 1 (Wt1), and this loss was reversed by introducing mutation of BS1 (m-BS1) ( Figure 5 (e)). There was no significant difference in luciferase activity between wild type promoter only contained BS2 (Wt2) and BS2 mutation promoter (m-BS2). To further confirm the influence of chemotherapy drug on miR-633 transcription, we transfected si-Foxo3a and Wt1 promotor, and performed luciferase reporter assays ( Figure 5(f) ). The results presented that DOX/DDP induced luciferase activity repression was rescued by inhibiting Foxo3a expression. These data suggested that Foxo3a directly bound to miR-633 upstream binding site 1 and negatively regulate miR-633 transcriptional activity. Enforced expression of Foxo3a, infected by adenovirus Foxo3a, led to an expression decrease of miR-633 ( Figure 5 (g)). Thus, our data suggest that Foxo3a had a transcriptional repressive effect on miR-633.
Foxo3a regulated chemoresistance dependent on miR-633 and FADD in gastric cancer cells
He et al. reported that Foxo3a contributed to drug resistance in gastric cancer, and low Foxo3a expression levels were detected in cisplatin-resistance phenotype [30] . We identified the Foxo3a expression differences between SGC-7901 cells and cisplatin-resistant gastric cancer cells SGC-7901/DDP (SGC-7901*), and the results indicated Foxo3a protein level was significantly decreased in SGC-7901/DDP cells (Supplementary Figure S4A) , which was similar to the previous report. These data remained us that Foxo3a may participate in the miR-633 induced chemoresistance process. To testify this hypothesis, we enforced expressed Foxo3a in SGC-7901 cells. TUNEL staining results showed an increase in the apoptotic cells by Foxo3a overexpression (Figure 6(a) ). To examine whether the Foxo3a is involved in the miR-633 pathway, two Foxo3a siRNAs (si-Foxo3a) were selected to lower the expression of Foxo3a (Supplementary Figure S4B) . Si-Foxo3a and Foxo3a siRNAs control (Foxo3a-sc) were transfected separately into the SGC-7901 cells with high DOX (Figure 6(b,c) , and Supplementary Figure S4C ) or DDP (Supplementary Figure S4E , F) dilution treatment. The results showed that the suppression of Foxo3a could restore the loss of miR-633 treated by anticancer drugs. 2 μM DOX-induced cell death abolished by si-Foxo3a transfection, and there were coincide results under 30 μM DDP treatment. On the contrary, enforced expression of Foxo3a significant decreased miR-633 levels, and significantly promoted the apoptosis with the treatment of 0.2 μM DOX ( Figure 5(d,e) , Supplementary Figure S4F ). These results suggested that Foxo3a negatively regulate the expression of miR-633.
To exam whether FADD is needed in miR-633 induced chemoresistance regulated by Foxo3a, we infected SGC-7901 cells with adenovirus to overexpress Foxo3a. The results presented that FADD protein expression level elevated in responded to the Foxo3a overexpression, but not on the mRNA level ( Figure 6(f) ). To confirm that FADD is a direct downstream of Foxo3a/miR-633 dependent cell death resistance, we infected SGC-7901 cells with adenovirus overexpressing Foxo3a in the presence or absence of miR-633 mimics. Foxo3a overexpression significantly increased FADD protein expression with 0.2 μM DOX treatment, which was suppressed in the presence of miR-633 mimics ( Figure 6 (g), Supplementary Figure S4G ).The data indicated that Foxo3a participated in chemoresistance through regulating miR-633 and its target FADD. To confirm the results, we silenced FADD expression in Foxo3a overexpressing SGC-7901 cells treated with 0.2 μM DOX. As expected, inhibition of FADD expression blocked Foxo3a-induced cell death ( Figure 6(h) ). Together, these data indicated that Foxo3a-dependent chemoresistance to DOX or DDP develops through suppression of miR-633 and upregulation of FADD in gastric cancer cells.
Inhibition of miR-633 promoted chemotherapeutic effect in vivo
To validate the role of miR-633 as a regulator of gastric cancer chemotherapy resistance in vivo, we examined the miR-633 antagomir function in xenograft models. A total of 1 × 10 7 SGC-7901 cells were injected subcutaneously into nude mice. Xenograft tumor formation was monitored over a 36-day time course. When xenograft tumors reached 0.25-0.3 cm 3 , nude mice were randomly distributed into 5 groups. To verify whether miR-633 antagomir alone could inhibit gastric cancer tumor growth, we did intratumor injection of saline (Control), antagomir control (Anta-NC) and miR-633 antagomir (Anta-633) separately. Compared with controls, mice injected miR-633 antagomir resulted in a smaller tumor size and weight (Figure 7(a) ), which indicated that inhibition of miR-633 restricted gastric tumor growth in vivo. To identify the drug resistance reversal of miR-633 antagomir, a dose of doxorubicin, 2 mg/kg, were intraperitoneal injected every other day. During 4 weeks of therapy, we monitored the tumor growth ( Figure 7(b) ) and body weight (not shown) of the mice. In comparison with the drug treatment alone, miR-633 antagomir injection combined with doxorubicin exhibited obvious tumor suppression effect after the 4-week course. The tumors were weighted. The tumor weight results showed significant decrease both in miR-633 antagomir group and antagomir combined with DOX group (Figure 7(a) , bottom), in accord with the tumor volume ( Figure 7(b) ). The expression of miR-633 levels was confirmed by qRT-PCR and FADD expression by western blot (Figure 7(c) ). MiR-633 levels remarkably reduced and FADD protein increased, which might contributed to the restriction of tumor growth. TUNEL assay in xenograft exhibit significant elevation of apoptosis in combination therapy (Figure 7(d) ). These in vivo results presented that inhibition of miR-633 effective restricted tumor growth, were consistent with results in vitro.
Altogether, we reasoned that accumulation of miR-633 in gastric cancer caused a selective loss of FADD expression and apoptosis suppression, subsequently resulted in chemoresistance, and this miR-633 accumulation transcriptional regulated by Foxo3a nuclear relocalization.
Discussion
Chemotherapy in combination with surgical resection is the predominant therapy strategy in gastric carcinomas. Cisplatin is recommended with routinely used chemotherapy in ECF regimen as first-line setting for patients, which showed a significant survival benefit in patients with gastric cancer [6] . Doxorubicin is a common used anticancer drug both in hematogenous and solid cancers including in gastric cancer [31] . Although most gastric cancer patients responded to multi-agent chemotherapy effectively, over 50% or greater, chemoresistance occurred [32] . Since the novel immune checkpoint inhibitor has not been available in gastric cancer clinical application, understanding the mechanisms of chemoresistance in gastric cancer is essential to therapy regimen optimization.
Cancer chemoresistance results from complex mechanisms such as evasion of apoptosis, DNA repair and insensitivity to drug-induced apoptosis [33] . As tumor suppressors or oncogenes, miRNAs participate in chemoresistance through several ways, including cell proliferation and apoptosis [34, 35] . MiR-214 was proved to induce cell survival and cisplatin resistance by targeting to phosphatase and tensin homolog (PTEN), a tumor suppressor that regulates cell proliferation and cell cycle by its phosphatase activity, modulating PTEN/ PI3K/Akt pathway in ovarian cancer cells [18] . In Shang's study, miR-508-5p reversed multidrug resistance through drug transporters ABCB1 regulation. The restoration of miR-508-3p expression led to markedly decreased after chemotherapy in gastric tumor size [36] . Previous investigations implied that miR-633 possibly related to drug resistance in tumor therapy. In endometrial carcinoma cells, miR-633 was down-regulated with the progesterone treatment, a tumor suppressor therapeutically applied to endometrial carcinoma [21] . However, there was few reports about the potential function of miR-633 in cancer. In our research, we identified elevation of miR-633 expression both in gastric cancer tissues and cell lines (Figure 1(e,f) ), and the enhancement of chemotherapy sensitivity of gastric cancer cells in low dilution drug treatments both in vitro (Figure 3(h-j) ) and in vivo (Figure 7(c,d) ). Inhibition of miR-633 effectively restricted the tumor growth both on tumor size and weight (Figure 7  (a,b) ). These data suggested miR-633 act as an oncogene and could reverse the chemosensitivity in gastric cancer. This chemosensitivity reversal is dependent on death reporter apoptosis, which was further confirmed by later experiments.
FADD is a pivotal member of the extrinsic death signaling apoptosis and participated death-inducing signaling complex formation [37] . In this study, we observed the loss of FADD both in gastric carcinoma tissue and cells (Figure 1(b,c) ), which is accord with previous studies [10] . The death receptor function deficiency, including Fas, TNFR1, DR3, DR4, DR5 and FADD loss, contributed to cell death resistance in tumor cells, and anthracyclines such as doxorubicin induced Fas-mediated cell death was suppressed in vitro [8] . In Yan's report, H19/miR-675 axis regulated cell proliferation and apoptosis, and overexpression of miR-675 or H19 inhibited FADD expression; subsequently suppressed caspase-8 and caspase-3 cleavage cascades [11] . Another possible explanation is post-translational modification in cancer cells, which might contribute to non-apoptosis functions. For example, FADD is post-translationally regulated by Makorin Ring Finger Protein 1(MKRN1) E3 ligasemediated ubiquitination and proteasmal degradation. Knockdown MKRN1 promoted the stabilization of FADD and sensitivity to extrinsic apoptosis in breast cancer cells, and tumor growth suppression was reversed by both MKRN1 and FADD depletion in a xenograft model [38] . In the present study, we verified that FADD was a direct target of miR-633 in gastric cancer (Figure 4(e,f) ). Moreover, in our study expression of miR-633 was inversely correlated with FADD in gastric tissues (Figure 1(g) ), suggesting the negatively regulation of miR-633 on FADD expression. In addition, inhibition of miR-633 induced apoptosis was rescued by FADD siRNAs (Figure 4(d) ), which demonstrated this apoptotic progress rely on FADD exist.
Foxo3a plays a vital role in gene regulation in tumorigenesis. Resent research report that as transcription factor, Foxo3a inhibited proliferation and induced cell cycle arrest by controlling cyclin-dependent kinase inhibitor p27kip1 [39] , contributing to cancer cell apoptosis by regulation of proapoptotic member [40] . Previous reports have showed Foxo3a were overexpressed in less aggressive types of GC [41, 42] . Foxo3a aberrantly downregulation in chemo-resistant gastric cancer cells was related to chemoresistance [30] , which were verified in our research (Supplementary Figure S4A) . Hence, it is of great crucial to explore regulatory mechanisms of expressed Foxo3a in gastric cancer. Foxo3a is known to be a target of Akt pathway, and Akt pathway is activated in many malignant tumors, such as gastric cancer and non-small cell lung cancer [43, 44] . The phosphorylated Foxo3a might change the Foxo3a protein formation, loose the combination between Foxo3a and DNA [45] , eventually Foxo3a combined 14-3-3 protein to translocate. As the downstream of PI3K-Akt pathway, phosphorylated Foxo3a sequestrate in the cytoplasm in cancer cells, while Foxo3a phosphorylation reduced and translocated into nuclear under stress condition. In this work, we investigated the Foxo3a location in gastric cancer cells, and found out that Foxo3a translocated in nuclear under the DOX treatment and the phosphorylation level was decreased ( Figure 5(c) ). The phosphorylation site Ser253 locates in nuclear localization signal, and might start nuclear relocation process [46] . Our present study also unveiled that Foxo3a has the transcriptional suppression on miR-633 expression. In our present study, the cytoplasm to nuclear translocation might restrain Foxo3a transcriptional suppression to miR-633, and eventually miR-633 accumulated in gastric carcinoma. It was reported that Foxo3a transactivated miR-34b/c to modulate WNT signaling, resulting in the suppression of epithelial-tomesenchymal transition in prostate cancer cells [47] . In our research, the subsequent rescue experiments ( Figure 6(g,h) ) demonstrated that miR-633-induced chemoresistance might be dependent on FADD exist. Our present data revealed that Foxo3a participated in the chemoresistance through transcription suppress miR-633.
As regulators of tumorigenesis and disease occurrence, miRNAs exhibit the potential function of therapeutic intervention. miR-122 has been proved to upregulate hepatitis C virus (HCV) RNA genome, which causes chronic infection [48] . Using miR-122-targeted locked nucleic acids (LNAs) to prevent HCV infection showed promising activity [49] , and currently as a therapy in phase Ⅱ clinical trials. MiR-34 has been reported to significantly inhibit tumor growth in mouse models [40] . Therefore, miR-34 mimics, encapsulated in nanoparticles are currently being tested in a phase Ⅰ clinical trial in several solid malignancies. miR-15/16 family were reported to show a higher therapeutic efficiency in reducing tumor weight by combination with cisplatin, suggesting the improvement of the therapeutic response [50] . In our study, the inhibitor of miR-633 alone exhibited restriction of gastric cancer tumor growth. What's more, the combination of miR-633 inhibitor and chemotherapy agent significantly promoted apoptosis of gastric cancer cells and shrinked the tumor size (Figure7(a,d) ). Thus, it is feasible to establish novel chemotherapy strategy with the consideration of potential anticancer miRNAs.
In conclusion, our study presented that miR-633 lowered the chemotherapy sensitivity in gastric cancer. Inhibition of miR-633 exerted tumor-suppressing function in vitro and in vivo through negatively regulating FADD. In addition, this study highlighted the function of Foxo3a at transcriptional level, uncovered the miR-633 regulation axis in response to doxorubicin treatment in gastric cancer cells. Our data suggested that miR-633 may advance our understanding of the chemoresistance of gastric cancer and could be a potential therapeutic strategy for the treatment of chemoresistance in gastric cancer in the future.
Material and methods
Clinical gastric cancer samples and cell lines
We studied patients with gastric cancer samples between 2015-2016 from PLA Army General Hospital (Beijing, China) and Chinese people's Liberation Army No. 401 (Qingdao, China). Pairs of gastric cancer tissues and matched noncancerous gastric tissues from 26 patients (21 males and 5 females; mean age, 60 years) were collected. These patients were randomly selected from the patient pool of the hospital's gastrointestinal clinic; none of the patients received chemotherapy or radiotherapy. Human tissues were collected during gastroscopy or surgery. Fresh tissues were immediately frozen in liquid nitrogen. The study was approved by the ethics committee of PLA Army General Hospital and Chinese people's Liberation Army No. 401. Informed consent was obtained from all study subjects.
Human gastric cancer cell line SGC7901 and cisplatinresistant human gastric adenocarcinoma SGC7901/DDP cell lines were obtained from Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Human gastric epithelium cell, GES-1, and human gastric cancer cells, MGC-803, BGC-823, AGS, NCI-N87, were obtained from Beijing Institute for Cancer Research (Beijing, China). The cells were grown in Dulbecco's modified Eagle's medium and RPMI 1640 medium (GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere containing 5% CO 2 at 37°C. The treatment with doxorubicin (Sigma) and cisplatin (Sigma) was performed as previous described [51] .
RNA extraction and qRT-PCR
Total RNA was extracted from the gastric cancer tissues or cell lines using Trizol reagent (Invitrogen, Carlsbad, CA), and 1 mg of total RNA was reverse transcribed using the PrimeScript RT Reagent Kit (Perfect Real Time; Takara, Japan) to detect relative mRNAs. For the mature miRNAs, 1 mg of total RNA was reverse transcribed using PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time; Takara, Japan) according to manufacturer's instructions in a total reaction volume of 25 ml. Stem-loop RT-PCR was carried out as described [52] on a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The Ct values obtained from different samples were compared using the 2 −ΔΔCt method. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 served as internal reference genes, respectively. MiR-633 levels were measured using SYBR Green Real-Time PCR Master Mix (Takara) according to the manufacturer's instructions. The sequences of miR-633 primers were: forward, 5ʹ-CGCCGCTAATAGTATCTACCAC −3ʹ; reverse, 5ʹ-GTGCAGGGTCCGAGGT-3ʹ. The sequences of U6 primers were: forward, 5ʹ-CTCGCTTCGGCAGCACA -3ʹ; reverse, 5ʹ-AACGCTTCACGAATTTGCGT-3ʹ. Quantitative detection of FADD was performed using the same strategy. The primers used for FADD mRNA were: forward, 5ʹ-CGAGTCCGAAGATTCCTGA-3ʹ; reverse, 5ʹ-GACCCTCC GGAGTTTATTCA-3ʹ. The mRNAs levels were normalized to GAPDH. The sequences of GAPDH primers were: forward, 5ʹ-GTCGGAGTCAACGGATTTG-3ʹ; reverse, 5ʹ-TGGGTG GAATCATATTGGAA-3ʹ.
Cell transfection with miRNA duplexes or miRNA inhibitors
Overexpression of miR-633 was achieved by transfecting gastric cancer cells with miRNA mimics (synthetic RNA oligonucleotides mimicking precursors of miR-633). Chemically modified single-stranded antisense oligonucleotides designed to specifically sequester mature miR-633. Synthetic miR-633 mimics, miR-633 antagomir and scrambled negative control RNAs (mimic control and antagomir control) were purchased from GenePharma (Shanghai, China). The miR-633 mimic sequence was 5′-CUAAUAGUAUCUACCACAAUAAA-3′. The mimic control sequence was 5′-UUCUCCGAA CGUGUCACGUTT −3′. The miR-633 antagomir sequence was 5′-UUUAUUGUGGUAGAUACUAUUAG-3′. The antagomir control sequence was 5′-CAGUACUUUUGUGUA GUACAA −3′. Cells were transfected with miRNA duplexes (50 nM) or antagomirs (50 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions
RNA interference (RNAi)
The FADD and Foxo3a siRNA sequences were designed on website Invitrogen Block-iT RNAi Designer (http://rnaide signer.thermofisher.com/rnaiexpress/) following the guide instructions and synthesized by GenePharma Co. Ltd. The FADD-siRNA sequence was 5′-GGTCCTGCCAGATGAAC CT-3′. The FADD scramble (FADD-sc) sequence was 5′-CAGUACUUUUGUGUAGUACAA-3′. The Foxo3a-siRNA sequence si-Foxo3a-1: 5′-GAGCTCTTGGTGGATCATC-3′; si-Foxo3a-2: 5′-GCUGUCUCCAUGGACAAUATT-3′. The Foxo3a scramble (Foxo3a-sc) sequence was 5′-CAGUACUUU UGUGUAGUACAA-3′. The gastric cancer cells or HEK-293 cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) using Opti-MEM Reduced Serum Medium (Gibco, Carlsbad, CA, USA). The specificity of the oligonucleotides was confirmed through comparing with all other sequences in Genbank using Nucleotide BLAST.
Apoptosis assays
Apoptosis was determined by TUNEL assay using a kit from Roche Applied Science (Hamburg, Germany). The procedures were followed as per the instructions in the kit. The samples were imaged using a laser scanning confocal microscope (Zeiss LSM 510 META, Carl Zeiss, Jena, Germany).
Adenovirus
Adenovirus Foxo3a and adenovirus β-galactosidase (β-gal) were as we described previously [53] . All adenoviruses were amplified in HEK-293 cells. Adenoviral infection of cancer cells or HEK-293 was performed as we described previously.
Immunohistochemistry
Immunohistochemical staining was carried out as follow: Tumor samples were fixed in 4% paraformaldehyde overnight, dehydrated and embedded in paraffin. The paraffin matrix were cut into 6 μm thick section for staining. After deparafinized and rehydrated, tissue sections were heated by microwave for antigen retrieval in 0.001 mol/L sodium citrate buffer. 3% H 2 O 2 treatment 10 min, washed by PBS and 5% BSA in PBS for blocking. Incubation with primary antibody and horseradish peroxidase-conjugated secondary antibody, the slides were stained with 3,3ʹ-diaminobenzidine (DAB) substrate. Hematoxylin was used for counterstaining
Immunoblot and immunofluorescence
Immunoblotting was carried out as follow: briefly, cells were lysed for 1 h at 4°C in a lysis buffer (20 mM Tris, pH 7.5, 2 mM EDTA, 3 mM EGTA, 2 mM dithiothreitol (DTT), 250 mM sucrose, 0.1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100) containing a protease inhibitor cocktail. Samples were subjected to 12% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes pretreated with methanol. Equal protein loading was controlled by Ponceau Red staining of membranes. Western blots were probed using the primary antibodies. The anti-Foxo3a and the anti-phospho Foxo3a antibody (Ser253) were from Cell Signaling. The anti-FADD antibody was from Abcam. The anti-PCNA antibody, anti-tubulin antibody and the anti-actin antibody were from Santa Cruz Biotechnology. After four washes with PBS-Tween 20, the horseradish peroxidaseconjugated secondary antibodies were added. Antigenantibody complexes were visualized by enhanced chemiluminescence. For immunofluorescence, samples were fixed in 4% paraformaldehyde overnight and washed by PBS. After dehydrated, pre-frozen samples embedded in OCT and frozen in −80°C to form hardened blocks, tumor tissues were cut into 4 μm thick section. Fixed with precooled acetone and permeablization by 0.025% TritonX-100 in PBS, the samples were blocked by 10% goat serum with 1% BSA in PBS. Incubation with primary antibody and anti-mouse IgG (Alexa Fluor 488) (Abcam, Cambridge, MA) secondary antibody, the slides were imaged using a laser scanning confocal microscope Zeiss LSM 510 META.
Pull-down assay with biotinylated miRNAs
Briefly, we synthesized miR-633 and miR-633mut which were 5ʹ-biotin-labeled. SGC-7901 cells were transfected with biotinylated miRNA, harvested 24 h after transfection. Pulldown assay was performed as formerly described [54] . The miR-633mut sequence was 5ʹ-CACCACCUAUCUACCACAAU AAA-3ʹ. The cells were washed with PBS followed by brief vortex, and incubated in a lysis buffer on ice for 30 min. The lysates were precleared by centrifugation, and 100 μl of the samples were aliquoted for input. The remaining lysates were incubated with streptavidin magnetic beads (Thermo Scientific). After coated with RNase-free bovine serum albumin and yeast tRNA (both from Sigma), the beads were incubated at 4°C for 3 h, washed twice with ice-cold lysis buffer, three times with the low salt buffer and once with the high salt buffer. The bound RNAs were purified using TRIzol and then for FADD 3ʹ-UTR analysis by qRT-PCR.
Chromatin immunoprecipitation (ChIP) analysis
Cells were washed two times with phosphate-buffered saline (PBS), and then were incubated for 10 min with 4% formaldehyde at room temperature. After washing two times with PBS, cells were lysed in lysis buffer for 1 h at 4°C. The cell lysates were sonicated into chromatin fragments (500-800 bp length). The samples were precleared with Protein A-agarose (Roche Applied Science) at 4°C. The anti-Foxo3a antibody or anti-actin antibody was added and rocked overnight. Immunoprecipitates were captured with 10% (v/v) Protein A-agarose. To analyze Foxo3a binding to the promoter of miR-633, PCRs were carried out using primers that encompass Foxo3a BS1 or BS2 of the miR-633 promoter. The primers were: BS1 (forward, 5ʹ-CACTTGGGATGTGTTTATT AT-3ʹ; reverse, 5ʹ-TCCTCCACCTCTCTCTAGCTT-3ʹ); BS2 (forward, 5ʹ-GCTGACATTTGGGAAATTAGAT-3ʹ; reverse, 5ʹ-AAAAGTTTTGAGAAGAACCTTG-3ʹ).
Establishment of tumor xenografts in mice
For the xenograft experiments in Figure 6 , male BALB/c nude mice (4-5 weeks old) was selected for each group. Gastric cancer cells (approximately 1 × 10 7 SGC-7901 cells) were injected subcutaneously into the right axilla to establish the gastric cancer xenograft model. Eight days after subcutaneous inoculation, mice were randomly divided into 5 groups (6 mice per group) for experiments. According to the experimental design, the miR-633 antagomir and antagomir control were given at a dose of 15 μg in a small volume (0.2 ml per injection) by multipoint intratumoral injection, twice per week for four weeks. Chemotherapeutic agents (doxorubicin, 2 mg/kg) were administered by intraperitoneal injection, three times per week for four weeks. The tumor size and body weight was monitored every other day. The tumor volume was calculated using the formula (A × B 2 )/2, where A and B are the long and short dimensions, respectively. After four weeks, all mice were sacrificed and subcutaneous tumors were separated and weighed. All experiments were performed according to the protocols approved by the Institute Animal Care Committee.
Statistical analysis
All statistical analyses were performed using the SPSS 19.0 statistical software package. The results are expressed as means ± S.D. of at least three independent experiments. The differences among experimental groups were evaluated by one-way analysis of variance (ANOVA) to determine whether the means were significantly different. The differences were considered significant when the p value was <0.05. All statistical analyses were performed using GraphPad Prism Software.
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